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This work reports the application of organic solvent nanofiltration (OSN) membranes to a membrane bioreactor for biotransformations (MBB). An
organic solvent phase was employed, allowing high substrate loadings and efficient product removal. The aqueous and organic phases were separated
by an OSN membrane. The biotransformation of geraniol to R-citronellol by baker’s yeast was used as the model reaction, and n-hexadecane and
toluene as the organic solvents. The performance of the MBB was compared to that of a direct contact biphasic (DCB) bioreactor. The MBB system
resulted in lower productivities than the DCB system due to mass transfer limitations. For the n-hexadecane system, the membrane was the main
mass transfer resistance, whereas for the toluene system the contribution of the aqueous liquid film mass transfer resistance became predominant.
Further investigations are needed to improve the substrate transfer rates. Despite this, the MBB system prevented aqueous breakthrough, and
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enantiospecificity. This work showed that OSN-MBB systems avoid the formation of emulsions, thus reducing downstream separation and allowing
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aBiotransformations play an increasingly important role in
rganic synthesis for the production of fine chemicals, such as
n the synthesis of chiral precursors [1]. However, an impor-
ant number of substrates and products of biotransformations are
oorly soluble in water, the medium in which most biocatalysts
ave optimal biological performance. Additionally, substrate
nd product above critical concentrations are known to inhibit
iocatalytic activity [2,3]. Therefore, a significant obstacle to
he application of biotransformations in industry is the limiting
oading of substrate and product allowed in the reactor.
Direct contact biphasic (DCB) bioreactors overcome this lim-
tation since favourable partitioning of substrates and products
nto the organic phase allows the use of high concentrations
n this phase, while maintaining low concentrations in the
queous phase. However, the intensive mixing of biomedium
nd organic phases can cause strong emulsions that make
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reported that the biotransformation yielded 25% of enantiomer-
ically pure R-citronellol. In this system, NADP(H), the reduced
form of the cofactor, is used to provide the reaction reductionownstream separation a practical constraint. Moreover, the
resence of the organic solvent can inhibit or even stop the
iocatalyst activity [2,3].
To meet this challenge, membrane bioreactors for bio-
ransformations (MBB) have been proposed [4–6] based on
embrane extraction [7–10]. In these systems, a membrane
eparates the aqueous and organic phases. The aim is to avoid
mulsion formation and phase toxicity of the organic solvent
ncountered in DCB systems, while enabling substrate and
roduct transport. Two types of membranes have been used:
icroporous and non-porous.
Microporous membranes run into difficulties maintaining
n aqueous–organic interface because species present in the
iomedium can act as surfactants. These can cause a consid-
rable reduction in the membrane breakthrough pressure, which
eads to aqueous–organic phase breakthrough and mixing of the
wo phases [4,5,11]. A mechanism for this phenomenon was out-
ined by Shroen et al. [12] and Vaidya et al. [11]: they found that
he decrease in the interfacial surface tension and breakthrough
ressure is caused by surface active compounds, primarily pro-
eins, that adsorb progressively onto the membrane pore walls,
hus changing the wettability of the membrane. This protein
dsorption ultimately leads to phase breakthrough and emulsion
ormation.
To prevent phase breakthrough during microporous MBB
peration, the transmembrane pressure must be strictly con-
rolled in the 100 mbar range, which is very difficult to achieve
n actual membrane contactors [4,11,13]. Pronk et al. [5]
eported the use of a Cuprophan hollow fiber membrane with an
mmobilized enzymatic system. The authors reported no phase
reakthrough occurring up to 1 bar due to the ultrafiltration range
f the membrane (MWCO 5000 Da). However, the membranes
sed were hydrophilic, and not compatible with organic solvents,
or were they suitable for extraction of hydrophobic molecules.
iese et al. [14] and Shin et al. [15] suggested an enzymatic
BB using two membrane stages: an ultrafiltration membrane
as coupled to a bioreactor for retaining enzymes, and a sec-
nd microfiltration hollow fiber membrane module was used
s a two-phase extractor for product recovery. No phase break-
hrough occurred at the extraction stage because the enzymes
ere not allowed to adsorb into the membrane pores. Chang
t al. [16] reported the use of a similar two-stage bioreactor-
xtractor system for an ethanol fermentation using suspended
hole-cells.
Kang et al. [17] and Shukla et al. [18] imple-
ented a whole-cell membrane bioreactor for alcohol and
lcohol–acetone–butanol fermentations, respectively. No break-
hrough occurred in their bioreactors. In these systems the
iocatalysts were immobilised, which prevented cells and large
iomolecules such as proteins – which are surface active –
rom diffusing and adsorbing into the micropores: the suspended
iomass concentration was very low (0.15 g L−1) compared
ith the entrapped biomass (2 g L−1). Molinari et al. [19] per-ormed the suspended whole-cell biotransformation of isoamyl
lcohol to isovaleraldehyde using a hollow-fiber membrane reac-
or. The membrane consisted of hydrophobic, microporous,
olypropylene, Celgard fibres. After the authors had stabilised
k
e
iig. 1. Model biotransformation system: reduction of geraniol to R-citronellol
y baker’s yeast.
he membrane interface without biomass present, they reported
hase breakthrough occurring when the microorganisms were
uspended in the bioreactor.
Silicone rubber has been used as a non-porous membrane
aterial because of its high permeability and selectivity to
mall hydrophobic molecules, and more importantly because
t prevents aqueous breakthrough. The high permeability is due
ainly to extensive swelling in the presence of organic solvents
20]. However, swelling causes expansion, leading to formation
f wrinkles and cracks, and ultimately to bursting and problems
andling the membrane. Therefore, a low degree of membrane
welling is a paramount consideration in the design and perfor-
ance of organic solvent resistant membranes [21–23].
This work explores the use of a nanofiltration membrane,
hich is resistant to a wide range of organic solvents, to provide
stable biphasic interface without significantly sacrificing mass
ransfer of solutes. This approach is now possible with the devel-
pment of organic solvent nanofiltration (OSN) membranes,
hich became commercially available in the 1990s [24–28].
n principle, these membranes conserve their integrity and per-
ormance in the presence of organic solvents [21,29,30].
In contrast to microporous membranes, the very small pore
ize of the OSN membranes (in the nano-scale) should prevent
he adsorption of surfactants into the membrane pores, thus pre-
enting phase breakthrough. In addition, the characteristically
ow swelling of these membranes overcomes the problem of
oor solvent resistance observed in silicone rubber membranes.
herefore, we assess the feasibility of using an OSN membrane
s a selective separating layer between the aqueous and the
rganic phase, thus assisting biotransformations of hydrophobic
olecules.
An integrally skinned asymmetric membrane, StarmemTM
221, was selected on the basis of reactant and product molecu-
ar size. Either n-hexadecane or toluene were used as the organic
olvents. The production of R-citronellol (Mw 156 g mol−1)
rom geraniol (Mw 154 g mol−1) by baker’s yeast was selected
s a model biotransformation system (Fig. 1). Gramatica et al.
31], using a dense suspension of baker’s yeast resting cells,1 StarmemTM is a trademark of W.R. Grace and Co. These membranes are
nown to be stable in organic solvents such as alcohols, alkanes, aromatics some
thers and ketones (e.g. methyl-tert-butyl-ether, methyl-ethyl-ketone, methyl-
so-butyl-ketone), as well as in acetic acid, butyraldehyde and ethyl acetate.
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(otential and is regenerated by the cells. Doig et al. [32] imple-
ented this biocatalytic reaction in an MBB using a non-porous
ilicone-rubber membrane.
The mass transfer rates of product and substrate through the
SN membrane were measured to gain insight into the transport
henomena. Then, the effectiveness of the MBB-OSN system
as explored by comparing its performance with that of a DCB
ioreactor in terms of volumetric productivity, enantiomeric
xcess (e.e.) and product quality.
Citronellol (95%) and geraniol (99%) were purchased from
cros Organics (Geel, Belgium). n-Hexadecane (99%), R- and
-citronellol (standards for e.e. analyses), glucose and fast dried
aker’s yeast type 2 (Saccharomyces cerevisiae) were purchased
rom Sigma–Aldrich (Steinhelm, Germany). K2HPO4 (>98%)
nd dichloromethane (99%) were purchased from BDH-VWR
Poole, England). Toluene, n-hexane and isopropanol (HPLC
rade) were purchased from Fisher Scientific Ltd. (Leicester-
hire, UK). KOH (97%) was obtained from Rose Chemicals
London, UK). StarmemTM 122 membranes (W.R. Grace &
o.), polyimide asymmetric membranes with a nominal molec-
lar weight cut off of 220 g L−1, were kindly supplied by
embrane Extraction Technology Ltd. (UK).
Two GC systems have been employed in the citronel-
ol and geraniol concentration analyses: (a) a Unicam
C, equipped with a 19477-088 Supelco wax-10 column,
0 m × 0.25 mm × 0.25m film thickness, and (b) an Agilent
850 Series II Network Gas Chromatograph system (USA) with
n Agilent HP-1 capillary column, 30 m × 0.32 mm nominal
iameter × 0.25m film thickness, 100% dimethylpolysiloxane
hase, No. 19091Z-413E (AnaChem, UK). Both systems were
quipped with a flame ionisation detector. The Agilent GC was
sed for the mass transfer tests, whereas the biotransformation
amples were analysed with the Unicam GC, where citronellol
nd geraniol needed to be resolved. The coefficient of variation
f five repeated measurements of citronellol in dichloromethane
ith the Agilent GC was 3.5%, and that for the Unicam GC
easurements was 0.8% using five repeated measurements of
itronellol in n-hexadecane samples (2000 mg L−1). External
tandards were prepared and injected for all the sample runs.
For the quantification of citronellol and geraniol in the organic
hase of the MBB (n-hexadecane or toluene), 1L of the organic
hase was injected directly into the GC. In the case of the DCB
iotransformations the emulsified samples (1.2 mL) were first
entrifuged in an MSE Micro Centaur centrifuge (MSE, UK) at
3,000 rpm for 5 min. For analyses of citronellol and geraniol
n the aqueous phase, 8 mL of samples of this phase were vor-
exed (Heidolph Reax Top tube vortex, Model 541, Germany)
or 30 s together with 2 mL of dichloromethane. Then 1L of
he organic phase was analysed by GC as described above.
i
p
w
tThe e.e. of the bioreactor final products was determined
y HPLC using a Daicel chiral column, Chiracel OJ-H
250 mm × 4.6 mm i.d.), purchased from Chiral Technologies
urope, France. A Unicam 200 HPLC pump (Unicam, UK) was
tted to an autosampler and to a 2550 Varian UV variable detec-
or (Varian Instruments, Japan) set to a wavelength of 215 nm.
he mobile phase, 97.5:2.5 n-hexane/isopropanol, was pumped
t a 0.5 mL min−1 flow rate at room temperature. Prior to HPLC
nalysis, samples in n-hexadecane were diluted 10 times with
he mobile phase. Toluene samples (2 mL) were evaporated for
day in a water bath at 50 ◦C; then 5 mL of the mobile phase
olution were added to solubilise the residue. Three samples
ere run for each of the e.e. determinations. The coefficients
f variation were below 1% for the n-hexadecane samples, and
.7% for the toluene analyses.
The initial shake flask and bioreactor conditions used in
his work were based on the optimised bioreactor conditions
btained by Doig et al. [33]. The aqueous phase comprised
0 mM of K2HPO4 (pH 9), 20 g L−1 glucose and 15 g L−1
iomass (baker’s yeast). In all the shake flask experiments,
00 mL of biomedium and 20 mL of organic solvent were used.
he shake flasks were incubated at 37 ◦C and 200 rpm shaking
peed in a Gallenkamp orbital incubator.
A series of four biphasic shake flasks was prepared to test the
ffect of toluene on the biocatalytic performance. The first test
as used as a blank, in which no toluene was added to the n-
exadecane organic phase (0 wt%). In the second and third tests,
oluene was dissolved in the n-hexadecane phase at concentra-
ions of 20 and 140 g L−1 (3 and 18 wt%), respectively. Finally,
n the fourth test, the 20 mL n-hexadecane phase was replaced
y a 20 mL toluene phase (100 wt%). The geraniol concentra-
ion was 20 g L−1 in n-hexadecane for the first three shake flasks
nd 40 g L−1 in toluene for the last test to compensate for the
igher partition of geraniol into toluene compared to that into
-hexadecane.
A New Brunswick Bioflo I (New Brunswick Scientific
td., UK) 2 L continuously stirred bioreactor was fitted with
Toledo O2 probe, a thermocouple and a VWR glass pH
robe. Air at a flow rate of 0.5 L min−1 was bubbled into the
ioreactor. The pH was controlled at 9.5 by addition of 4 M
OH. No acid addition was required to control the pH. The
eactor was maintained at 37 ◦C using a heating jacket. Dis-
olved oxygen concentration, pH and temperature were read
eriodically. Initial volumes of 1500 mL of aqueous phase
nd 150 mL of organic phase were used. The aqueous phase
as prepared by dissolving 10.5 g (7 g L−1) of K2HPO4, 30 g
20 g L−1) of glucose and 22.5 g (15 g L−1) of baker’s yeast
nto 1500 mL of RO deionised water. Finally, a 150 mL organic
hase was added; this consisted of n-hexadecane or toluene
ith a geraniol concentration of 20 g L−1 or 60 g L−1, respec-
ively.
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dDCB mixtures were prepared using both n-hexadecane and
oluene as the organic phases. After stirring, the mixtures were
eft to settle for 1 h and centrifuged at 8500 × g for 10 min in
Biofuge centrifuge (Heraeus Instruments, Germany). Finally,
he organic phase was pipetted out from the centrifuge tubes
nd the organic volumes were measured before and after the
ecovery.
Citronellol and geraniol were completely dissolved in a
nown volume of distilled water at initial concentrations slightly
elow their water solubility. A known volume of organic sol-
ent was then added and the mixture was vortexed for 30 s.
fter a 24 h settling period at room temperature, the aqueous
nd organic phases were separated and solute concentrations
ere determined by GC as described above. All partition coeffi-
ients obtained in this work are the average of three independent
easurements. The coefficients of variation for the geraniol and
itronellol partition coefficients were calculated as 2 and 10%,
espectively, and the mass balance error for the experiments was
.6 and 1.5%, respectively.
The apparatus used in the mass transfer and MBB exper-
ments is illustrated in Fig. 2 [34]. The membrane, with an
ffective area of 0.015 m2, was placed in the middle of two
tainless-steel half-cells with the active layer facing the aque-
us phase. The membrane gaskets and tubing connections were
ade of PTFE. The average volumetric flow rates were 94 and
4 L h−1 for the aqueous and organic sides, respectively, except
hen otherwise stated. The membrane cell was adapted for mass
ransfer and MBB “reduced volume” experiments by modifying
ne of the half-cells: its interior height was decreased from 5 to
.5 mm, and its width and length were maintained.
The OSN membrane was preconditioned by circulating
oluene overnight across both sides of the membrane in order
o remove the preservative oil from inside the membrane and to
ll the porous side of the membrane with the organic solvent.
oluene was then purged from both sides of the membrane;
he active side of the membrane was flushed with water until
o drops of organic solvents were observed, whereas the other
ide was flushed with several volumes of fresh organic sol-
ent (n-hexadecane or toluene) to wash out the toluene used
or preconditioning. Higher pressure (0.4 bar) was applied on
he active side of the membrane, facing the aqueous solu-
ion, whereas 0.05 bar was applied to the organic side of the
embrane.
For mass transfer experiments a solution of 200 mg L−1 of
itronellol or geraniol in distilled water was used as the feed
queous solution, and n-hexadecane or toluene was the organic
xtracting phase. After circulation of the solutions through the
embrane cell for 15 min, samples of the organic and aqueous
eservoirs were taken at different time intervals and analysed
a
T
a
aig. 2. Schematic of aqueous/organic membrane cell used for: (1) mass transfer
xperiments and (2) membrane bioreactor for biotransformations (MBB) using
rganic solvent nanofiltration (OSN) membranes.
y GC. Two to three runs were carried out for each test, and
oefficients of variation of 4.4 and 10% were estimated for the
easurements of the overall mass transfer coefficients (OMTC)
f geraniol and citronellol, respectively, using n-hexadecane.
ass balances are also reported in Section 4. Additionally, a
embrane cell with “reduced volume” was used for measuring
he mass transfer at two different sets of flow rates: High (aque-
us: 95 L h−1, organic: 18 L h−1) and Low (aqueous: 50 L h−1,
rganic: 9 L h−1).
The same bioreactor conditions (aqueous phase composition,
ir, temperature and pH) and initial geraniol concentrations in
he organic phase were employed for DCB and MBB experi-
ents. In the MBB system, the aqueous phase containing 7 g L−1
f K2PO4 (pH 9), 20 g L−1 of glucose and 0.3 g L−1 of geran-
ol, was circulated through the membrane cell followed by the
rganic flow on the other side of the membrane. The MBB was
eft running overnight for equilibration of the substrate concen-
ration between phases. Then, baker’s yeast was added to the
ioreactor and air was admitted into the system. Finally, peri-
dic sampling of the organic and aqueous vessels was carried
ut, as well as readings of the bioreactor conditions (O2, tem-
erature and pH). All MBB experiments were run for at least 5
ays (120 h). In most of the MBB experiments the volumes of the
queous and organic phases were 2000 and 200 mL, respectively.
wo different organic solvents were employed: n-hexadecane
nd toluene. The reduced volume MBB used 600 and 60 mL of
queous and organic liquids, respectively.
Fig. 3. Schematic of mass transport model of solutes through flat-sheet,
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(Caq,0 − Caq) (5)
Fig. 4 shows experimental data on the changes of organic and
aqueous concentrations for the mass transfer of a hydrophobicydrophobic, asymmetric, polyimide, OSN membranes separating an organic
nd an aqueous phase (based on SEM pictures and comments by See-Toh et al.
35]).
Fig. 3 shows a schematic of the transport model for a solute
ransferred from the aqueous to the organic phase through an
SN asymmetric membrane based on SEM pictures and com-
ents by See-Toh et al. [35].
To date, the specific mass transfer mechanism inside the
embrane is not known. For the mass transfer analysis in the
SN membrane biphasic system, we used a solution diffusion
odel considering the OSN membrane as non-porous. There-
ore, the possible existence of a direct liquid–liquid interface
t the porous mouth of the non-wetting phase is not taken
nto account. Instead, this work regards the membrane as an
dditional distinct phase (similar to a non-porous dense mem-
rane) comprising both the membrane material and the absorbed
etting liquid. Polyimide membranes are hydrophobic so the
rganic solvent was the wetting liquid.
Using the overall mass transfer coefficient (OMTC) definition
ased on the aqueous phase (Eq. (1)):
= −Vaq dCaqdt = Kaq
(
Caq − Corg
morg/aq
)
(1)
F
o
chere morg/aq is the organic/aqueous partition coefficient at equi-
ibrium:
org/aq =
C∗org
C∗aq
(2)
e can obtain the following resistances-in-series mass transfer
odel for the mass transfer of solute from the aqueous bulk to
he organic phase bulk through the membrane:
1
Kaq
= 1
kaq
+ 1
mm/aq
(
1
km
)
+ 1
morg/aq
(
1
korg
)
(3)
here mm/aq is the membrane/aqueous solute partition coeffi-
ient at equilibrium:
m/aq = C
∗
m
C∗aq
(4)
The following mechanism describes the transport of a solute
rom the bulk aqueous phase to the bulk organic phase (Fig. 3):
1) Transfer from the aqueous solution bulk to the aque-
ous/membrane interface through the aqueous liquid film.
2) Partition into the membrane.
3) Diffusion across the membrane.
4) Partition from the membrane into the organic liquid.
5) Transfer from the membrane/organic-liquid interface to the
bulk of the organic liquid through the organic-liquid film.
To compute the OMTC we perform a solute mass balance
onsidering transfer of solute from the aqueous to the organic
hase:
Vaqig. 4. Example of the citronellol concentration profiles in the aqueous and
rganic reservoirs (toluene) for the determination of the overall mass transfer
oefficient (OMTC) through a StarmemTM 122 membrane.
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aig. 5. Example of a plot of the right hand side of Eq. (6) against time for the
alculation of the overall mass transfer coefficient (OMTC) of citronellol from
n aqueous phase to toluene through a StarmemTM 122 membrane.
olute, citronellol in this case, from the aqueous to the organic
ide.
All the calculations of the OMTC in this work are based on
he aqueous concentrations as defined in Eq. (1). Substituting
q. (5) in Eq. (1) and integrating, we obtain:
KaqA
Vaq
)
t = 1
1 + α ln
(
Caq,0
(1 + α)Caq − αCaq,0
)
(6)
here α = Vaq/(morg/aqVorg).
For estimating the OMTC, the right hand side of Eq. (6) is
lotted against time. This plot yields a linear curve with the
lope (KaqA/Vaq) containing the OMTC. An example based on
he experimental data from Fig. 4 is shown in Fig. 5.
For estimating the individual liquid-film coefficients, kaq
nd korg, the Leveque exact solution [36] of the Navier-Stokes
nd convective mass transfer equations for circular pipes (Eq.
7)) gives a coefficient a = 1.62 (Eq. (7a)). Three different cor-
elations were used in this work: (1) Leveque solution for
ectangular ducts, Eq. (7b) [37]. (2) An empirical correlation
btained from mass transfer data on rectangular ducts (Eq. (7c))
37].
h = a
(
Re Sc de
L
)1/3
(7)
here
= 1.62 (7a)= 1.85 (7b)
= 2.33 (7c)
v
r
t3) An additional exact correlation for fully developed flow [38],
q. (8):
h = Re1/3Sc1/3
(
de
L
)0.43
(8)
here Sh = kliqde/DAB, Re = ρνde/μ, Sc = μ/ρDAB.
The diffusivities, DAB, for the solutes (A) in the different
olvents (B) were estimated using the Wilke-Chang correlation
39]:
AB = 7.4 × 10
−8(φBMB)1/2T
μBV
0.6
A
(9)
n association factor, φB, of 2.26 was used for water and 1 for
he organic solvents [40].
.4. Biotransformation performance parameters
For characterising the performance of the biotransformations,
he following concepts were used in this work:
roduct yield, Y = P
S0
ubstrate consumption, SC = S0 − S
S0
olumetric productivity, VP = P
Vaq × t
pecific activity, SA = P
biomass × t
R-Citronellol enantiomeric excess,
e.e. (%) =
(
R − S
R + S
)
× 100
Initially the biotransformation of geraniol to citronellol by
aker’s yeast was tested in DCB shake-flasks. n-Hexadecane
as been used here and in previous works due to its low toxicity
o the biocatalyst [33,41,42]. The log P of a solvent provides
n indication of the toxicity of the solvent to biocatalysts. In
eneral, solvents with log P≥ 4, i.e., very hydrophobic, do not
ffect biocatalyst activity since they do not distort the essential
ater shell of the cells [43]. n-Hexadecane possesses a very
ronounced hydrophobic nature, given by its log P of 8.8, which
akes it compatible with most biocatalysts. However, it is not
suitable solvent for industrial applications because its highiscosity and boiling point make difficult to handle it and to
ecover the reaction final products.
Toluene is a more widely used solvent in the chemical indus-
ry. The morg/aq in toluene for the model substrate and product
Table 1
Organic/aqueous partition coefficients, morg/aq, for the model substrate and prod-
uct in different organic solvents and solvent log P
Geraniol Citronellol log P
n-Hexadecanea 43 105 8.8
n-Heptane 38 114 4.4
n
T
a
h
n
(
t
o
t
t
d
o
1
s
4
(
t
l
o
f
1
o
s
b
F
t
t
T
o-Hexane 38 119 3.5
oluene 318 383 2.4
a Doig et al. [10].
re about 7 and 4 times greater, respectively, than those in n-
exadecane as shown in Table 1. Alternative alkanes, such as
-hexane and n-heptane, have similar partitions to n-hexadecane
Table 1). Therefore, in addition to n-hexadecane we suggested
he application of toluene as an alternative organic solvent for
ur MBB system. However, the log P of toluene (2.4) indicates
hat this solvent may be toxic to the biocatalyst. To evaluate
his, a series of DCB shake-flask tests were carried out for 1
ay, in which the effect of toluene was assessed using different
rganic/aqueous preparations.
When only n-hexadecane was used as the organic phase (Test
, Fig. 6), the citronellol yield and volumetric productivity were
lightly lower, with 95% confidence interval (CI), than when
0 g L−1 of toluene was added to an n-hexadecane organic phase
Test 2). On the other hand, in Test 3, with 140 g L−1 of toluene in
he n-hexadecane phase, the citronellol yield was significantly
ower (with 95% CI) than Test 1 and 2. However, the results
f Test 3 are inconclusive since the 95% confidence interval
or the volumetric productivity overlapped with that of Test(Fig. 6). Finally, major inhibition of the biocatalyst activity
ccurred when a toluene organic phase was used (Test 4). The
olvent may have solubilised and destroyed the cellular mem-
rane thus stopping the biotransformation. Chakraborty et al.
ig. 6. Effect of toluene on the baker’s yeast biocatalytic activity (24 h) for
he production of citronellol from geraniol in DCB shake flasks using different
oluene concentrations in hexadecane—Test 1 (T1): n-hexadecane only (0 wt%);
est 2 (T2): 20 g L−1 of toluene in n-hexadecane (3 wt%); Test 3 (T3): 140 g L−1
f toluene in n-hexadecane (18 wt%); Test 4 (T4): toluene only (100 wt%).
Fig. 7. (a) Picture of the DCB bioreactor for the biotransformation of geraniol
to citronellol by baker’s yeast using toluene as the organic phase; (b) two-phase
emulsion after 4 days left in repose in a separation funnel.
Fig. 8. Results for the biotransformation of geraniol to citronellol by baker’s yeast using a DCB bioreactor and n-hexadecane as the organic solvent with 20 g L−1
initial geraniol concentration. (a) Citronellol and geraniol concentrations in the organic phase as a function of time where “” are the citronellol and “©” the geraniol
c n. (b)
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nd “” are the respective values for the second run.
44] reported that toluene at concentrations of 0.5, 1.0 and 2.0%
v/v) completely killed baker’s yeast cells. Therefore, we can
onclude that toluene cannot be used as the organic phase in a
CB system. Despite this, a DCB bioreactor using toluene will
e used in later work as a control test.
A batch DCB bioreactor was employed for carrying out
he model biotransformation. The reaction was performed with
aker’s yeast cells working in a resting mode; i.e., non-growing.
-Hexadecane and toluene were used as the organic phases, the
atter as a control. A strong emulsion was formed in these reac-
ors (Fig. 7) and the organic phase was difficult to recover even
fter centrifugation as will be discussed below.
As expected from the observations in the shake-flask tests, the
CB toluene reactor completely inhibited the biotransformation
nd no citronellol production was detected. It appears that the
irect contact with the toluene phase destroyed the baker’s yeast
ells since the biomass aggregated at the surface of the reactor
ixture.
When n-hexadecane was used as the organic phase, low pro-
uction of citronellol and oxygen consumption were observed
or the first 48 h. After this productivity lag-phase – which
efers to a catalytically inactive period rather than to a cell
rowth phase – the biotransformation progressed at a specific
eaction rate comparable to the literature [32], approximately
50 nmol min−1 g biomass−1 (Fig. 8a). The two repeats of this
xperiment showed similar lag-phase periods for citronellol pro-
uction and geraniol consumption (Fig. 8b). The average maxi-
um yield for the first two runs was calculated as 0.3 mol equiv.
similar yield was reported by Gramatica et al. using a dense
uspension of baker’s yeast resting cells (1 × 108 cell mL−1) in
single-phase aqueous biotransformation [31].
Geraniol was almost depleted after the maximum productiv-
ty period. Then, the production of citronellol stopped and its
oncentration slowly decreased (Fig. 8a and b) probably due to
urther reaction of the product mediated by the biocatalyst or by
he components of the biomedium.
w
u
m
tcitronellol yield (), and geraniol consumption () as a function of time; “”
Husken et al. [45] also observed a productivity lag period
n the two-phase biotransformation of 3-methylcatechol from
oluene using 1-octanol as the organic phase; however they
bserved no lag-phase in a single-phase aqueous reactor [46].
chwartz and Mccoy [47] also reported a productivity delay
n the epoxidation of 1,7-octadiene by growing Pseudomonas
leovorans with cyclohexane as the organic phase. Despite this
ong delay, they reported that all the biotransformations were
ventually completed. In conclusion, the productivity lag-phase
n DCB reactors is an adaptation period of the biocatalyst to the
ew aqueous/organic medium [45,47,48].
The first step to assess the feasibility of employing OSN mem-
ranes in the MBB was to characterise the transport of the model
ubstrate and product in an OSN membrane biphasic system
sing n-hexadecane or toluene as the organic phase. Table 1
ncludes the organic/aqueous partition coefficients (morg/aq) of
itronellol and geraniol for these solvents. The results for the
easurements of the OMTC of the different solute–solvent sys-
ems are listed in Table 2.
Although in general the OMTC obtained in our system were
ower than those reported by Doig et al. for a non-porous sili-
one membrane, they still fall in the OMTC range reported in
he literature for large scale applications (0.1–5.0 × 10−6 m s−1)
49–52].
As will be shown below, Eqs. (7b) and (8) underestimated
he liquid mass transfer coefficients. This inconsistency of
eveque correlation had been reported previously [37,53,54].
n contrast, Eq. (7c), resulted in values consistent with the
esistance-in-series model for the mass transfer data; thus, it
as further used to calculate the mass transfer resistances
Table 3).
Using the resistance in series model (Eq. (3)) and Eq. (7c),e calculated the mass transfer resistances for the organic liq-
id (morg/aqkorg)−1, the aqueous liquid, k−1aq , as well as for the
embrane (mm/aqkm)−1, and report them as the percentage of
he overall mass transfer resistance, K−1aq .
Table 2
Overall mass transfer coefficients (OMTC), Kaq, based on the aqueous concentrations, for citronellol and geraniol transfer between organic and aqueous phases
through a StarmemTM 122 membranea
Solute Solvent Kaq, OMTC (×107 m s−1) Mass balance (%)
Citronellol
Toluene 26.7 (28.7, 24.7) 93 (94, 91)
n-Hexadecane 15.9 (15.8, 16.6, 15.2) 87 (79, 86, 96)
G
Toluene 45.9 (40.2, 51.5) 99 (100, 99)
t
f
l
m
n
m
i
a
t
a
c
c
g
n
w
b
t
a
t
(
l
h
o
T
o
d
c
T
E
r
t
P
R
k
k
%
%
%
T
f
q
u
(
o
r
r
l
R
s
L
e
t
t
r
b
E
An MBB was developed to overcome the main problem asso-
ciated with DCB bioreactors: formation of two-phase emulsions.eraniol
n-Hexadecane
a Averages in bold and individual experimental values in parenthesis.
The OMTCs of both solutes were significantly higher in
oluene than in n-hexadecane. The percentages of mass trans-
er resistance for both solvents were below 1%, so the organic
iquid film resistance was neglected (Table 3). From the esti-
ations in Table 3 we can conclude that the lower OMTCs for
-hexadecane than for toluene were due to a significantly higher
embrane resistance in the n-hexadecane systems. Consider-
ng that the membrane is comprised of the membrane material
nd the embedded organic solvent, two main factors caused
his effect: (i) the lower morg/aq of the solutes in n-hexadecane;
nd (ii) the higher viscosity of n-hexadecane (3.0 mPa s [55])
ompared to toluene (0.6 mPa s [55]) yielding lower diffusion
oefficients for the former.
Additionally, in the toluene experiments the OMTCs of
eraniol were higher than those of citronellol, opposite to the
-hexadecane runs. In the case of n-hexadecane, the system
ith geraniol suffered a higher membrane resistance contri-
ution than the citronellol system (Table 3). Considering that
he membrane is comprised of both membrane material and
bsorbed solvent, the partition morg/aq played the major effect on
he OMTC; i.e., the solute with greatest morg/aq in n-hexadecane
citronellol) resulted in the highest OMTC.
On the other hand, in the case of the toluene systems, citronel-
ol had the lowest OMTC even though its morg/aq in toluene is
igher than that of geraniol. However, the membrane resistance
f the geraniol system was much lower than that for citronellol.
his indicates that in the toluene systems the morg/aq was not the
nly factor affecting the OMTC; and other variables such as the
iffusivities (in the membrane) and membrane/aqueous partition
oefficients, mm/aq, for the two solutes may be important.
able 3
stimated contribution of the individual resistances to the overall mass transfer
esistance (%) for the transport of geraniol and citronellol from organic solvent
o aqueous phase in a flat-sheet membrane cell
arameter n-Hexadecane Toluene
Geraniol Citronellol Geraniol Citronellol
eorg 26.8 26.8 171.5 171.5
aq (×106 m s−1) 5.3 5.2 5.3 5.2
org (×106 m s−1) 2.2 2.1 5.2 5.1
Organic liquid film 0.7 0.7 0.3 0.1
Aqueous liquid film 13.1 30.7 87.0 51.6
Membrane 86.2 68.6 12.7 48.3
wo organic solvents were used: n-hexadecane and toluene. (Liquid mass trans-
er coefficients were calculated using Eq. (7c)) (Reaq = 809).
F
o
c
u
u
o6.9 (6.4, 8.4, 5.8) 77 (63, 96, 71)
An additional experiment was performed to assess the ade-
uacy of the correlations tested. Two flow rate levels were
sed: High (aqueous: 95 L h−1, organic: 18 L h−1) and Low
aqueous: 50 L h−1, organic: 9 L h−1); toluene was used as the
rganic solvent. Eqs. (7b) and (8) resulted inconsistent with the
esistance-in-series equation (Table 4). According to these cor-
elations the total resistance was affected mostly by the aqueous
iquid film for both flow-rate levels. However, after doubling the
e number for both liquids (Table 4), the OMTC did not change
ignificantly (with 95% confidence interval) for the High and
ow flow rate levels tested (Fig. 9). So we can conclude that these
quations could not account adequately for the contribution of
he membrane to the mass transfer resistance. It is noteworthy
hat when the Re numbers of both liquids were doubled (thus
educing the aqueous resistance) the contribution of the mem-
rane resistance increased significantly from 3 to 15% (Table 4,
q. (7c)).ig. 9. Overall mass transfer coefficient (OMTC) of geraniol from the toluene
rganic phase (60 g L−1) to an aqueous phase (based on the aqueous phase
oncentrations) through a StarmemTM 122 membrane. An aqueous/organic vol-
me ratio of 10:1 was used (1 mL:0.1 mL): two different flow rate levels were
sed: High (aqueous: 95 L h−1, organic: 18 L h−1) and Low (aqueous: 50 L h−1,
rganic: 9 L h−1).
Table 4
Effect of the flow rate regime on the mass transfer resistances for geraniol from toluene to aqueous in the “reduced volume” mass-transfer membrane cell
%Mass transfer resistance Flow rate regimea
Low (Reaq = 426, Reorg = 115) High (Reaq = 809, Reorg = 229)
Eq. (7b) Eq. (7c) Eq. (8) Eq. (7b) Eq. (7c) Eq. (8)
%Aqueous liquid film ID 96.7 ID ID 84.6 89.0
%Organic liquid film 0.2 0.2 0.3 0.2 0.2 0.2
% ID
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a ID: indefinite value.
dditionally, an ideal MBB needs to provide acceptable mass
ransfer rates of substrate and product for the biotransformation
o take place at volumetric productivities comparable to the DCB
eactors.
Two different runs were carried out with n-hexadecane as the
rganic phase and 20 g L−1 geraniol initial concentration. The
rst MBB configuration (MBB-HD1) used a 2000 mL:200 mL
queous/organic volume ratio. A maximum product concen-
ration (1.6 g L−1) in the organic phase was obtained at about
5 h (Fig. 10A1). In a second MBB hexadecane experiment,
BB-HD2, an aqueous/organic volume ratio of 600 mL:60 mL
as used to reduce the reactor volume; thus improving solute
ass transfer through the membrane by providing more mem-
rane area per reactor volume. The citronellol concentration
f
o
t
4
ig. 10. Results for the biotransformation of geraniol to citronellol by baker’s yeast
olvents were used as the organic phase: (A) (left) n-hexadecane with 20 g L−1 initi
oncentration. Upper plots (A1 and B1): citronellol and geraniol concentrations in the
eraniol concentrations; “” and “” are the respective concentrations for the reduce
), and geraniol consumption () as a function of time; and “” and “” were usedID 15.2 10.8
ncreased continuously from the start of the experiment until
t reached a maximum concentration of 1.9 g L−1 at about 68 h,
hen the reaction stopped (Fig. 10A1). Additionally, whereas
he citronellol yield followed a similar pattern to that of the
BB-HD1 experiment, the geraniol consumption was much
ower (Fig. 10A2).
Finally an MBB experiment was conducted using toluene as
he organic phase (MBB-Tol) and 60 g L−1 geraniol initial con-
entration. This concentration was three times higher than that
sed in the n-hexadecane system to provide a sufficient driving
orce for substrate transport to the aqueous phase. The MBB-Tol
ccurred at two different reaction rates, an initial slow produc-
ivity period was followed by an increase in the reaction rate at
8 h. Then, the reaction progressed steadily (Fig. 10B1) until it
using an MBB system with a StarmemTM 122 OSN membrane. Two different
al geraniol concentration and (B) (right) toluene with 60 g L−1 initial geraniol
organic phase as a function of time where “” are the citronellol and “©” the
d-volume run (MBB-HD2) in (A1). Plots below (A2 and B2): citronellol yield
for the respective values of the MBB-HD2 run in (A2).
Table 5
Overall performance of different bioreactors and solvents tested for the biotransformation of geraniol to R-citronellol by baker’s yeast in terms of %e.e. (R-citronellol)
and volumetric productivities
Organic solvent Reactor system Maximum volumetric productivity
(mg L−1 h−1)
R-Citronellol %e.e.
Toluene
DCB ≈0 –
MBB-Tol 2.8 32.7
n
DCB 6.4 (5.5, 7.4) 85.5
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s-Hexadecane MBB-HD1
MBB-HD2 (reduced volume)
eached a maximum citronellol concentration of 4.25 g L−1 at
70 h (data not shown). This concentration was higher than that
btained in the MBB-HD runs, and it is comparable to the con-
entrations obtained in the DCB hexadecane experiments. The
ield in this experiment (Fig. 10B2) was rather low due to the
igh initial substrate concentration, but the ratio of the product-
ield to substrate-consumption was 0.24, a value comparable to
he MBB-HD1 run (0.23).
The highest maximum volumetric productivity was achieved
n the hexadecane DCB system which was 2–3 times higher
han those obtained in the MBB reactors (Table 5). The only
eport in the literature for the e.e. of the model reaction [31],
etermined the production of pure R-citronellol (100% e.e.),
nalysed by NMR (chiral lanthanide shift reagent) and GLC-
S. Nevertheless, the maximum R-citronellol e.e. measured in
his work was only 85.5% (Table 5).
Cappaert and Larroche [41] observed a decrease in the prod-
ct e.e. during the reduction of 2-heptanol by baker’s yeast in
n n-hexadecane DCB reactor. The product e.e. dropped from
9%, during the first 15 h, to about 80% e.e. at the end of the
rocess (60 h). They attributed the e.e. decrease to the activation
f further biocatalyst dehydrogenases with opposite enantios-
lectivity as the reaction progressed. Considering that the e.e.
as only measured at the end of the run, a similar decrease in
he e.e. possibly occurred in our system.
In the first MBB experiment with n-hexadecane, MBB-
D1, with a 2000 mL:200 mL aqueous/organic volume ratio,
he maximum volumetric productivity was about three times
ower than that for the DCB reactor (Table 5). The final e.e.
f the MBB-HD1 product was close to that obtained in the
CB experiments, so the enantiomeric specificity of the reaction
as not affected by the direct contact of n-hexadecane with the
ells.
Considering that no citronellol production was obtained when
oluene was used as the organic phase in the DCB bioreactor,
t was remarkable to observe a higher volumetric productivity
or the MBB using toluene (MBB-Tol) than that of the cor-
esponding MBB-HD1 run (Table 5). This was due mainly to
he membrane preventing the solvent coming into direct contact
ith the biocatalyst, thus avoiding biocatalyst inactivation. In
ddition, in this case the contribution of the membrane to K−1aq
as lower than that of the n-hexadecane systems (Table 3).
t
t
t
c2.1 82.1
3.1 68.5
Unfortunately, the product e.e. in the MBB-Tol run was
onsiderably lower compared to that obtained in either of the n-
exadecane systems (Table 5). The reason for this might be that
oluene diffused to the aqueous side (40 mg L−1 average aque-
us concentration) thus altering the cell enzymes and reducing
he biocatalyst enantioselectivity. In addition, the toluene con-
entration constantly present in the aqueous phase may have
aused the productivity lag-phase observed in this run. This lag-
hase was, however, less pronounced than those observed in the
exadecane DCB systems. On the other hand, in contrast to the
CB reactor, the hexadecane MBBs did not present a lag-phase
eriod. This positive result for the MBB system may be caused
y the separation of the aqueous and organic phases during the
eaction.
The MBB-HD1 experiment was mass-transfer limited since
ts volumetric productivity was much lower than that of the DCB
uns, with the membrane making a major contribution to the
verall mass transfer resistance as discussed above. Thus one of
he membrane cells was modified in order to increase the mem-
rane area per working volume from 0.75 to 2.5 m2 m−3 by
educing the aqueous/organic volume ratio to 600 mL:60 mL.
he aim was to drive the MBB reactor to a kinetically limited
ystem. With this redesign the maximum volumetric produc-
ivity of the new system, MBB-HD2, increased from 2.1 to
.1 mg L−1 h−1. Although this result was still two times lower
han the DCB volumetric productivity, it was higher than the
alue obtained in the MBB-Tol experiment. The reduced-volume
ystem also seemed to be mass-transfer limited since the aque-
us geraniol concentration sharply dropped after 20 h of reaction
nd it did not rise again (Fig. 11).
Geraniol consumption continued to increase after 60 h of
eaction in the MBB-HD2 run (Fig. 10A2). So the reason for
he low level of geraniol in the aqueous phase (Fig. 11) – even
fter citronellol production stopped at about 60 h – may be that
he baker’s yeast continued consuming geraniol for metabolic
eactions other than those leading to citronellol production. Two
lternatives for geraniol utilisation by baker’s yeast have been
eported: (1) biotransformation of geraniol to linalool and -
erpineol [56]; (2) utilisation of geraniol for the biosynthesis of
terols [57].
The e.e. for the MBB-HD2 reactor was lower than that for
he first MBB-HD1 run (Table 5). This was probably due to
he presence of toluene in the organic phase remaining from
he membrane preconditioning stage. After washing the pre-
onditioning solvent (toluene) with n-hexadecane, prior to the
Fig. 11. Aqueous phase concentrations of organic solutes (citronellol, geran-
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tol and toluene) in the organic phase during the reduced-volume n-hexadecane
xperiment, MBB-HD2 (600 mL:60 mL aqueous/organic volume ratio).
BB-HD2 run, some toluene remained in the system, and a
mall aqueous concentration of toluene (12 mg L−1, average),
as detected during all the run (Fig. 11). Since the biocat-
lyst enantioselectivity is very sensitive to the presence of
oluene, as discussed above, the low aqueous toluene concen-
ration may have reduced the enantioselectivity of the biotrans-
ormation.
It appears that for the reactors using n-hexadecane, there is
short active biocatalyst lifetime (70–80 h) in which baker’s
east is able to produce citronellol; if the substrate is not
upplied during this time, the yeast begins to catalyse other
eactions. However, the MBB-Tol showed a very long biocat-
lyst active period (about 140 h) compared to the n-hexadecane
eactors. Apparently, this result can only be attributed to the
rganic-phase effect on the biocatalyst. Since the morg/aq of cit-
onellol and geraniol in toluene are about 4 and 7 times those
n n-hexadecane, respectively, the solute aqueous concentra-
ions remained higher in the latter solvent. For example, in the
-hexadecane and toluene systems the maximum geraniol aque-
us concentrations were 300 and 170 mg L−1, and the average
itronellol aqueous concentrations 100 and 20 mg L−1, respec-
ively. In this respect, Bard et al. [58] reported that geraniol
nhibits baker’s yeast viability by altering the cellular membrane.
o the higher amount of substrate and product in the aqueous
hase for the n-hexadecane bioreactors reduced the stability and
ctive lifetime of the biocatalyst.
Although the hexadecane DCB experiments yielded the high-
st volumetric productivities, the main problem in this type of
eactor is the formation of a stable emulsion of the organic and
queous phases. The emulsified mixture represents an impor-
ant practical issue for the downstream separation and product
ecovery; moreover in the case of n-hexadecane which possesses
very high boiling point (287 ◦C). A standard procedure which
r
t
w
tig. 12. Comparison of the final products obtained from DCB and MBB
ystems: (A) DCB-toluene, (B) MBB-toluene, (C) DCB-hexadecane and (D)
BB-hexadecane.
ay be used for the separation of the two phases is centrifuga-
ion. Here we carried out such a separation at 8500 × g in order
o quantify the recovery of the organic phase and to assess the
racticability of the process.
Fig. 12 shows a comparison of the DCB mixtures (after1 h set-
ling) and the MBB final product samples. Evidently the quality
f the MBB products was much higher than that of the DCB mix-
ures in terms of product cleanness and the additional separation
rocessing needed for the latter. Even after the DCB mixtures
ere centrifuged, the aqueous and organic phases could not be
ompletely separated: a white emulsified interface remained.
he recovery of the organic phase was quantified as 45.5 and
7.7% (v/v) for the toluene and n-hexadecane solvents, respec-
ively. The final solvent recovery was not only difficult to obtain
ut also very low.
Doig et al., using a silicone rubber MBB for the same model
iotransformation described here, obtained a volumetric produc-
ivity similar to that of a DCB bioreactor [32]. The mass transfer
ates obtained in their reactor were about 10 times higher than
hose measured in the hexadecane OSN-MBB. Paradoxically,
hereas the high mass transfer rate in their system was due to
he high swelling of silicone rubber in contact with organic sol-
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Nomenclature
A membrane surface area (m2)
biomass mass of microorganisms in bioreactor
(g biomass)
Cn solute concentration in phase n (g L−1)
C∗n solute concentration in equilibrium at the n inter-
face (g L−1)
de equivalent diameter (m)
DAB diffusion coefficient for the solute A into the liq-
uid B (m2 s−1)
J total flux of solute at an interface (g s−1)
kn individual mass transfer coefficient in the n phase
(m s−1)
Kaq overall mass transfer coefficient based on the
aqueous phase concentration (m s−1)
L membrane cell length (m)
mm/n partition coefficient between the m and n phases
MB molecular weight of liquid B (g mol−1)
Mw molecular weight (g mol−1)
Nn flux of solute in the n phase (g s−1)
P product number of moles (R or S enantiomer)
(mol)
Ren Reynolds number for the n liquid phase
S final substrate number of moles (mol)
Sc Schmidt number
SC substrate consumption (mol equiv.)
Sh Sherwood number
S0 initial substrate number of moles (mol)
t time (h)
T temperature (K)
VP volumetric productivity (mg L−1 h−1)
VA molar volume of solute A (m3 kg mol−1)
Vn volume of liquid in phase n (L)
Y product yield (mol equiv.)
Greek letters
μ liquid viscosity (Pa s)
ν linear liquid velocity (m s−1)
ρ liquid density (kg m−3)
φB association factor of liquid B
Subscripts
aq aqueous
A diffusing solute
B diffusing solvent
org organicents, the main disadvantage of using this material is that its high
welling causes membrane cracks and tears, which eventually
an lead to phase breakthrough and emulsion formation.
On the other hand, aqueous breakthrough, the main draw-
ack of microporous MBB reactors, was not observed in the
SN-MBB system. In microporous MBBs, the breakthrough
ressure is dramatically decreased by the presence of surfactants
n the biomedium which reduces the surface tension between
he two liquid phases [4–6,11,12]. Han et al. reported a 30 bar
reakthrough pressure in MPF 50, an OSN composite mem-
rane [34], which is very much above the maximum pressure
ttainable in our system (0.4 bar). Considering the surfactant-
dsorption mechanism for the reduction of the breakthrough
ressure outlined by Shroen et al. [12] and Vaidya et al. [11],
decrease in this pressure due to the presence of surfac-
ants in the biomedium, such as enzymes, seems unlikely to
ccur in the OSN-MBB because the nano-scale of the mem-
rane pores prevents adsorption of surfactants into the pore
alls.
A new approach was presented for a biphasic biotransfor-
ation model of hydrophobic molecules using a membrane
ioreactor for biotransformations (MBB) and organic solvent
anofiltration (OSN) membranes. The new system was success-
ully employed as a strategy for in situ substrate addition to,
nd product removal from the bioreactor. The proposed reactor
voids the formation of emulsions and mitigates the solvent tox-
city observed in direct contact biphasic (DCB) reactors, thus
xpanding the range of solvents that can be used to assist bio-
ransformations. For example, it was possible to use toluene
n the OSN-MBB as the organic solvent of the model reac-
ion, whereas no biocatalyst activity occurred when this solvent
as used in a DCB reactor. Additionally, the use of OSN mem-
ranes overcomes the problems of phase breakthrough and poor
embrane organic solvent resistance, previously observed in
icroporous and non-porous MBBs, respectively. However, the
SN-MBB resulted in 2–3 times lower volumetric productiv-
ties than those of the DCB reactor due to limitations in the
ubstrate transfer rate through the membrane. Nevertheless, the
SN-MBB produced a much cleaner final product than that of
he DCB reactor. Further studies will aim at improving solute
ransport rates in the OSN-MBB system by increasing the mem-
rane overall mass transfer coefficient or the membrane area per
eactor volume.
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